Comparative phylogenetic analysis of non-marine planktonic picocyanobacterial isolates (based on the 16S ribosomal RNA gene and the phycocyanin operon) revealed that the geographic restriction of several clades is the outcome of undersampling or database search bias. This result supports the high dispersive potential of planktonic picocyanobacteria and emphasizes that endemic genotypes do not seem as widespread as suggested by the latest publications.
Small oxygenic photosynthetic organisms ,2-3 mm in diameter, usually referred to as photoautotrophic picoplankton, are important components of the planktonic community in most water types (Weisse, 1993) and may constitute up to 90-100% of phytoplankton biomass and production in some non-marine ecosystems (e.g. soda ponds, Felföldi et al., 2009; Somogyi et al., 2009) . Picocyanobacteria, the cyanobacterial component of photoautotrophic picoplankton, are generally dominant in the temperate zone during the warmer periods of the year (Weisse, 1993; Vörös et al., 2009) .
The composition of this group has recently been characterized in several aquatic ecosystems, including the molecular biological investigation of isolates and community-based studies using bulk environmental nucleic acid extracts (e.g. Robertson et al., 2001; Crosbie et al., 2003; Felföldi et al., 2011) . Molecular studies of picocyanobacteria have special importance due to the lack of sufficient discernible morphological features. The majority of the retrieved picocyanobacterial sequences from continental aquatic habitats have been related to "major lineage 6b" of Cyanobacteria (Robertson et al., 2001) . Within this group, non-marine isolates (Synechococcus and Cyanobium) are separated from obligate marine members (Prochlorococcus and marine Synechococcus) (Crosbie et al., 2003) . The discovery of a significant uncultured fraction resulted in the description of novel clades/groups within the non-marine picocyanobacteria, which were thought to be restricted to a specific geographic location at the time of publication (Ivanikova et al., 2007; Wu et al., 2010; Jasser et al., 2011) .
There are two regions of the genomic DNA targeted by most molecular phylogenetic investigations: the small subunit ribosomal RNA gene (16S rRNA gene) and the phycocyanin operon (cpcBA-IGS). Here, we investigated 10 planktonic picocyanobacterial isolates based on both genomic regions, and the phylogenetic analysis was extended to some of the recently described novel nonmarine picocyanobacterial clades using publicly available nucleic acid sequences.
Picocyanobacteria were isolated from three shallow water bodies: from the large, alkaline meso-eutrophic Lake Fertó´(Neusiedlersee, Austria/Hungary); from a fish pond in Székesfehérvár (Hungary); and from a turbid hyposaline soda pan (Böddi-szék, Hungary). Detailed site descriptions of Lake Fertó´and the Böddi-szék pan are given in previous studies Somogyi et al., 2009; . Strain isolation and comparative nucleotide sequence analyses of the 16S rRNA gene and the cpcBA-IGS region were performed according to the methods described previously Felföldi et al., 2011) .
All isolates investigated in this study had phycocyanin pigment dominance that was in accordance with previous studies, which reported the complete absence of phycoerythrin-rich forms from these turbid aquatic environments Somogyi et al., 2009) . On the basis of the comparative nucleotide sequence analysis, the isolates were related to Synechococcus/ Cyanobium isolates or environmental clones of nonmarine picocyanobacteria (Fig. 1) .
The two isolates from Lake Fertó´(ACT 1025 and ACT 1026) showed 100% nucleotide sequence similarity to several members of Group A (also known as the Cyanobium gracile cluster). Isolates from the Böddi-szék pan formed two groups: five isolates were affiliated with Group Cz and one isolate (ACT 0616) grouped with sequences retrieved from the Great Salt Lake (USA) and from the saline Lake Qinghai (China). The two fishpond isolates (ACT 9808 and ACT 9809) were closely related to Group F (99.7 -100% pairwise nucleotide sequence similarity values), which is known as an infrequent group of freshwater picocyanobacteria ( Fig. 1) . While members of the other groups detected (especially Group A) were reported from various lakes that have different limnological characteristics and/or are located at a distance from each other, Group F was previously known to contain isolates exclusively from freshwaters in the USA. At the same time, the combined phylogenetic analysis (see below) showed that a sequence retrieved from India (isolate BD-1, Fig. 1A ) was also a member of this group.
In the case of some strains investigated, the 16S rRNA gene was only partially characterized.
Phylogenetic analysis of this limited data set, corresponding to the PCR-amplified region generated with the commonly applied Cyanobacteria-specific primers (CYA106F and CYA781R; Nü bel et al., 1997), revealed that some other groups, which had been reported to have limited geographic distribution, were more widespread. We found that the picocyanobacterial isolate OK07 from the mesotrophic Lake Okutama in Japan (Katano et al., 2001) showed 99.7 -100% pairwise nucleotide sequence similarity to the Great Mazurian Lakes System (GMLS) isolates (Jasser et al., 2011) of Group M (Mazurian) from Poland. Similarly, environmental clones from lakes in Wisconsin, USA (Jones et al., 2009) were also affiliated with Group M (Fig. 1A ). All the above mentioned, highly similar sequences to the GMLS isolates, as well as their publications were available prior to the proposal of the novelty of Group M by Jasser et al. (Jasser et al., 2011) .
Jasser et al. determined almost complete 16S rRNA gene sequences for the picocyanobacteria isolated to perform a robust phylogenetic analysis (Jasser et al., 2011) . At the same time, similarity searches performed with long sequences applying the BLAST algorithm (Altschul et al., 1997) and targeting the GenBank nucleotide database may result in the omission of shorter sequences with higher similarity values (since ranking is based on total score values that are calculated from the degree of similarity and the length of each alignment). Besides performing comparisons using standard search settings, another similarity search restricted to the region between primers CYA106F and CYA781R frequently applied in diversity studies of non-marine picocyanobacteria (e.g. Katano et al., 2001; Ivanikova et al., 2007; Felföldi et al., 2009 Felföldi et al., , 2011 Somogyi et al., 2010) , would retrieve the above-mentioned shorter but more similar sequences. Eventually, the applied, biased 16S rRNA gene-based analysis resulted in potentially wrong conclusions: the novelty of Group M, the endemic genotypes in the Mazurian lakes and the geographic boundaries for picocyanobacteria (Jasser et al., 2011) .
Two novel clades from Lake Superior, LS I and LS II, were introduced by Ivanikova et al. based on the phylogenetic analysis of 16S rRNA gene fragments from pelagic environmental DNA extracts (Ivanikova et al., 2007) . These two clades were the most abundant groups in the offshore samples investigated, but were nearly absent at the nearshore station. On the basis of partial 16S rRNA gene comparisons, an environmental clone from Green Lake in New York, USA shared a 99.5-100% pairwise nucleotide sequence similarity to LS I sequences (Fig. 1A) , which was submitted after the Fig. 1 . Neighbour-joining phylogenetic trees indicating the position of picocyanobacterial isolates investigated in this study, with special attention to groups that were described previously as "novel clades". (A) partial 16S rRNA gene (based on 534 nucleotide positions); (B) almost complete 16S rRNA gene (based on 1292 nucleotide positions); (C) phycocyanin operon (based on 372 nucleotide positions). Evolutionary distances were computed using the Kimura 2-parameter method. Bootstrap values ,75% are not shown. Sequences determined in this study appear in bold. Due to the high number of available sequences, representatives were chosen in most cases and trees were normalized by the number of nucleotide sequences involved in the phylogenetic analysis. Environmental clones are marked with open, and isolates with filled squares. The pigment group (filled circle, phycoerythrin-rich; open circle, phycocyanin-rich) of picocyanobacterial isolates is also shown, if available. Sequences downloaded from GenBank with no available reference are marked with an asterisk. Cluster designations are in accordance with previous studies (Robertson et al., 2001; Crosbie et al., 2003; Ernst et al., 2003; Ivanikova et al., 2007; Jasser et al., 2011) . Grey arrows indicate signs of potential horizontal gene transfer of the phycocyanin operon. AQ , Antarctica; AR, Arctic; AT, Austria; AU, Australia; CE, Central Europe; CH, Switzerland; CN, China; CZ, Czech Republic; EG, Egypt; ES, Spain; FI, Finland; FR, France; HU, Hungary; IN, India; JP, Japan; PL, Poland (GMLS, Great Mazurian Lakes System); RU, Russia; US, United States (CA, California; NY, New York; TX, Texas; UT, Utah; WI, Wisconsin).
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Wu et al. recently found four new phylogenetic clusters of freshwater Synechococcus in East Tibetan lakes (China) using cloning and sequencing (Wu et al., 2010) . Unfortunately, their investigation was performed on the basis of the 16S-23S rRNA internal transcribed spacer (ITS), and therefore the direct comparison with our data set is not possible. Available ITS sequences from non-marine planktonic picocyanobacteria are relatively sparse compared with the 16S rRNA gene and cpcBA-IGS. Sequences from Tibetan lakes were compared only with six previously defined groups [Subalpine I and II, Group H (LB P1), C. gracile cluster, Bornholm Sea cluster and Lake Biwa cluster (Wu et al., 2010) ]. We hypothesize that, in this case, underrepresentation of taxa in the database resulted in the formulation of novelty, although to prove this, further comparisons are needed.
An earlier study by the same authors (Xing et al., 2009 ) dealt with the diversity of bacterial communities from the same samples of East Tibetan lakes based on clone libraries of the 16S rRNA gene. A high fraction of the retrieved sequences belonged to various groups of non-marine Synechococcus spp. (which were incorrectly designated as subgroups of Subalpine I in their article; see Fig. S1B in Xing et al., 2009) . According to our analysis performed with the partial 16S rRNA gene, the most prominent group, marked with "syn I" in the study in question, corresponds to group LS II (see clone XZTSH98 in Fig. 1A ). Here again, performing the database search with almost complete 16S rRNA gene sequences resulted in missing highly similar, but shorter sequences.
To date, members of LS II were retrieved from various oligotrophic lakes (Tibetan lakes, Lake Superior, Lake Baikal), and therefore this group may harbour geographically widespread Synechococcus ecotypes that are characteristic in water bodies with low productivity.
Phylogenetic analysis of the picocyanobacterial isolates was also performed with a part of the phycocyanin operon (cpcBA-IGS). The result was congruent with the outcome of the 16S rRNA gene-based sequence analysis; all isolates showed the same clustering (Fig. 1C) . The idea of potential horizontal gene transfer of this genomic region among non-marine Synechococcus was recently raised comparing the phylogenies obtained by the 16S rRNA gene and the cpcBA-IGS (Six et al., 2007; Haverkamp et al., 2009; Jasser et al., 2011; see isolates PS715 and BE0807F in Fig. 1) , and therefore the analysis of geographic restriction was not extended to available cpcBA-IGS sequences.
Comparative genome analyses have revealed interesting aspects of ecological adaptation, evolutionary relationships and genome structure regarding picocyanobacteria. These studies (e.g. Six et al., 2007; Zhaxybayeva et al., 2009) focused almost entirely on marine members and currently only a few genomes are available from non-marine planktonic picocyanobacteria. Therefore, single gene-based investigations using the previously characterized genomic regions (16S rRNA gene, cpcBA-IGS or ITS), or the combination of these markers, will surely have special importance in diversity studies of non-marine planktonic picocyanobacteria in future, until more complete genome sequences from this highly diverse group become available. However, one should keep in mind that diversity analyses based on single genes require a more careful interpretation of the results (e.g. phylogenetic resolution of the region analysed or the possibility of horizontal gene transfer).
Summarizing the results, the high dispersive potential of microorganisms ensures that closely related Synechococcus strains or ecotypes can be found in distant locations and caution must be taken before making conclusions regarding the geographic restriction of novel clades due to biases of the methods used, data search or taxon under-sampling. Similar conclusions were reached by Crosbie et al. (Crosbie et al., 2003) , who performed their phylogenetic analysis with picocyanobacterial isolates with limited available background data. We should emphasize that our findings do not exclude the potential of local adaptations or endemism, rather they emphasize that restriction of some previously defined, 16S rRNA gene-based picocyanobacterial groups to a particular geographic location seems not to be as widespread as has been suggested in recent publications.
Biases associated with PCR-based molecular biological methods have been analysed intensively in the last few years (e.g. Sipos et al., 2007) , but pitfalls related to nucleotide sequence comparison and database search are sometimes not recognised in studies and such failures could result in misleading conclusions. This study illustrates the importance of considering the biases of data analysis, using the phylogenetic relationships of the widely dispersed group, non-marine Synechococcus, as an example. Such failures have special importance in groups whose molecular taxonomy has a provisional status and the methods applied in previous studies require special attention, including the detailed comparison of proposed novel taxa with available data.
AC K N OW L E D G E M E N T S
The technical contribution of Attila W. Kovács, Mónika Duleba and Stephan Karl is gratefully acknowledged.
F U N D I N G
This work was supported by the Hungarian Scientific Research Fund (OTKA K 73369).
